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INTRODUCTION

There exists today an intérest in a great many different propulsion
concepts for space flight application. Each concept has drawbacks and
each offers a potential of being best suited for fulfilling the require-
ments of particular missions. They are frequently classed as chemical,
nuclear, or electric with many subclassifications possible. ZElectro-
static propulsion is one subclassification of‘electéic propulsion and
the one with which this paper is concerned.

Discussed briefly herein are | some of the basic principles, theories,
and problem areas of electrostatié thrustors, and the effects that_they
have had on the evolution of thrustor concepts being investigated.}‘ln-
strumentation and test facilities are areas that will also be discussed.é
Included is a reference list of more than 70 Lewis Research Center re-
ports and papers that pertain to electrostatic propulsion.

BACKGROUND

The guestion of why electric propulsion is of interest is answered
by requirements prescribed by mission analyses which show that to per-
form a given mission, a certain total impulse L s required. This
total impulse can be expressed as

A - Ft (1)

where T 1is thrust and t i1s thrusting time. Now

where mp is propellant mass flow rate and Ve is the exhaust veloc-

xh
ity of the propellant relative to the spacecraft. Since hpt is equal
to the ejected mass of propellant Iy, these relations can be combined

to yield
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o= 5Vexh (3)

The pros and cons of various propulsion schemes can be developed
from these simplified expressions. Equation (1) shows, for example,
that a given 39 can be obtained by application of a large thrust over
a short period of time, or vice versa. Equation (2) shows that develop-
ment of a large thrust requires a large @ 1f vVeyy is limited; equa~
tion (3) shows that this in turn requires a large propellant mass. Since
this propellant mass is part of the vehicle total mass, it is evident
that a limitation on the Jet exhaust velocity leads to smaller payload
frauctions as the total impulse requirement increases. The payload frac-
tion is the ratio of payload to gross vehicle weight. Thus, the stimu-
lus for the interest in electric propulsion becomes apparent. By employ-
ing a scheme that ejects charged particles, a means of removing exhaust
velocity limitations present in other systems is available. Less pro-
pellant mass is thereby required, and thus the payload fraction may be
increased. There is a catch though, and, as it turns out, a very impor-
tant one; that is, rather than a direct trade-off of propellant mass
fequirements, the additional mass of the powerplant for the generation
of the electric power needed for electric prcpulsion must be considered.
The reault of this complication is shown in figure 1, which i1llustrates
that & point is reached where the savings in propellant mass is offset
by the added powerplant mass. Thus, for a given mission there cxists
an optimum specific impulse (proportional to exhaust velocity). This
cptimum value may not only be a variable that depends on additional mis-

sion restrictions (see e.g., refs. 3, 6, 35, and 68), but most important,



from & practical viewpoint, can impose serious problems in terms of al-
lowaeble thrustor mass, powerplant mass, power conversion equipment mass,
propellant mass, and mission time. To be competitive with other systems
from a time-of-mission viewpoint, the sum of these masses must be less.
While this discussion has been an oversimplification of the problem, it
should serve to set the stage in terms of what the overall goals are in
electric propulsion research.

Some of the more important general requirements of the electric rocket
“hrustor are as follows:

(1) Operate at specific impulses dictated by mission analysis

(2) Have a reasonable size

(3) Have a low weight

(4) Be compatible with vehicle design and power generation system

(5) Operate reliably and continuously for months or years

(6) Convert électric power into thrust with near 100 percent ef-

ficiency

This imposing list (from ref. 37) is applicable to electric rocket
thrustors in general, and since there are many concepts to choose from,
it leads to the investigation of types that offer the best chance of ac-
complishing these goals. The choice is not clear cut. Three basic types
of electric rockets being studied are showm in figure 2: electrostatic,
electromagnetic, and electrothermal. All have practical as well as
theoretical problems, discussions of which are plentiful in the litera~
ture. Reference 52 contains up-to-date discussions on most of the cur-

rent concepts being studied. Of the three types shown in figure 2, the
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electrostatic thrustor has operated, in general, with the best oversll
efficiency.
ELECTROSTATIC THRUSTORS
Electrostatic Acceleration

The basic scheme of electrostatic acceleration is depicted in fig-
ure 3, where it can be seen that by application of a potential difference
®p over a distance L, ions are extracted from a source and ejected at
a prescribed velocity. In this concept, electrons added to the exhaust
beam at ground potential serve to maintain charge neutrality of the space-
craft and at the same time are prevented from returning to the thrustor
by virtue of the negative potential applied to the accelerator electrode.
The two egquations (fig. 3) show that the thrust per unit area is propor-
tional to the square of the fleld strength Ep, while the exhaust veloe-
ity (specific impulse) is porportional to the square root of the charge
to mass ratio q/m and the net potential difference o ..

These relations have an important influence on thrustor design. To
obtain reasonable values of thrust per unit area, field strengths of the
order of 106 v/m or greater are required. Field strengths are inversely
proportional to accelerator spacing, which is a thrustor design parameter.
There are cobvious practical limitations with respect to attainable mini-
mum spacings., Thermal environment snd manufacturing tolerances at very
small spacings become Important particularly with respect to iorn copties.
Beeczuse of thrustor lifetime requirements, ion optics is an important
problem area of electrostatic-thrustor research. Figure 4 shows that

unfocused ions and/or ions formed by charge exchange may impinge on the
/
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accelerator electrode. These impinging ions can cause sputtering of the
accelerator electrode. TFor lifetime requirements of several thousand
hours, the allowable impingement must be of the order of 0.1 percent or
less of the total ion beam.

The charge~exchange ions are a result of collisions between source
ions and neutral propellant atoms present because of charging ineffi-
ciencies, Their eliminetion requires improved charging techniques. The
unfocused source ions arise because of poor optics, and thelr elimination
requires proper electrode design. Although the ion trajectory problem

can be solved analytically for several "ideal' geometries (refs. 42 and

31
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&), accounting for the exhaust aperture renders these solutions useful
only as guide lines to good thrustor design. On the other hand, con-
siderable progress has recently been made, both at Lewis and elsevhere,
in developing suiteble analog and numerical techniques for dealing with
the "real" thrustor case, that is, methods that account for aperture ef-
fect (see e.g., refs. 51, 71, and 72). From & practical viewpoint, it
is evident that increassing the accelerator spacing mey greatly alleviate
the problem. This approach may not be taken, however, without first
examining the effect it may have on other cperational parameters. These

effects are shown in figure 5 (ref. 27). Recall that the thrust per unit

[8%

area is proportional to the square of the field strength. Increased

spacing means higher voltage if thrust is to e preserved. If singly

M

charged particles are assumed, then a given value of specific impulse
can be preserved by increasing the propellant molecular weight. Cesium

and merceury are two commonly used propellants that require spacings of



about 1 mm at a specific impulse of about 3000 sec. On the other hand,
at the same specific impulse, accelerator spacing can be as much as
10 em for 10,000 amu particles. Considerably higher voltages are re-
quired for these heavier particles.
Electrostatie Rocket Thrustor Efficiency
Equally important to good overall performance is the thrustor effi-

ciency, which is defined as a product of the propellant-utilization ef-
ficiency and the power efficiency:

1= nyip (4)
The propellant-utilizetion efficiency is the ratioc of charged to total
propeliant flow rates, or,

1,
My = T (5)
Dtotal
The power efficiency is defined conventionally as the ratio of power
out (i.e., beam power) to total power in. It can be expressed in terms

of thrust as

7o
e = 20 (P + TP1oag) (6)
where
¥ thrust
ny charged particle flow rate
P power invested in accelerating the charged psrticles
Ploss pover losses

The power loss term consists of components thaet vary depending on

the type of electrostatic thrustor being considered. Common to all types
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are power losses chargeable to ion impingement. Thus, ion impingement

is important not only from a lifetime viewpoint, but also from efficiency
- considerations as well. For a more complete discussion of thrustor effi-
ciency see references 37, 42, and 69.

With the fundamental goals outlined and the basic definitions in
hand, the evolution in electrostatic-thrustor research at the Lewis Re-
search Center may be easily traced.

Electrostatie Thrustor Types

Contact-ionization and electron-bombardment thrustors. - The two

most common types of electrostatic thrustors are the contact-ionization
thrustor and the electron-bomdbardment thrustor shown schematically in
figure 6.

In the contact-ionization type, propellant vapor passes from a
reservoir through a heated porous tungsten ionizer. It is ionized on
the downstream surface of the porous tungsten. The ionizer is heated
to enhance ionization and is also maintained st a high positive potential.
The ions are then accelerated electrostatically to the desired exhaust
veloclty and electrons are injected to neutralize the ion beam.

In the electron~bombardment thrustor propellant vapor passes from
a reservolr into an ionization chamber. Ionization is accomplished by
collisions between the propellant vapor and electrons emitted from a
heated filament. The outer wall of the chamber ‘ancde) is maintained
at a potential of about 40 v positive with respect to the filament, and
an axial magnetic field of about 40 gauss is imposed on the chamber by

the magnetie field coils. The magnetic field contains the energetic



electrons emitted from the filament and enhances the electron -
neutral-atom collisicon probability. A plasma is thus created within the
chambgr. Tons are extracted from the plasma fhrough a screen grid and
are accelerated to the desired exhaust velocity by application of a po-
tential difference between the screen and accelerator. Electrons are
emitted downstream of the accelerator to neutralize the ion beam.

The¢ major power loss associated with the contact-ionization thrustor
is the thermal-radiation loss from the porous tungsten ionizer. Major
losses of the electron-bombardmert thrustor include: power dissipated
in the ion chamber discharge (called ionizer current in fig. 6); fila-
ment heatling power; magnetic field power; and the neutral atom loss.

The neutral atom loss is chargeable to the propellant-utilization effi-
ciency and is alsc an important factor in the contact-ionization thrustor
when operated at high current density. Research and development on both
of these thrustors has led tc prototypes that exhibit reasonably good
performance at specific impulses greater than 5000 or 6000 sec (fig. 7).
Current efforts are directed at improving efficiencies at specific im-
pulses in the range of 2000 to 500C seec, reducing thrustor weight and
improving component life expectancy.

A cuteway of a flight test version of the Lewis electron-bombardment
thrustor is shown in figurs 8. The electron~bombardment thrustor has
been reported on in detail in references 186, 19, 23, 78§,
70, and 73. Although it is presently regarded as one of fhe better, if
not the best, electrostatic thrustor, filament 1ifetime and propellant

utilization are two develcpmental problems that remain to be optimized.
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Several variations of the contact-~ionization thrustor have been
tested at Lewis (see e.g., refs. 9, 21, 24, 44, 56, and 62.) Extensive
idealized theoretical analyses of various thrustor configurations have
been made (refs. 42 and 69) and show that improvements in efficiency at
lower values of specific impulse may be possible using certain design
concepts. The theoretical performance of three design concepts are
compared in figure 9 (from ref. 37). Designs compared are conventional
peraxial fiow, divergent flow, and cireular flow. In preparing these
curves it has been assumed that the accelerator electrodes act as per-
fzet heat shields. Since the ionizer is completely shielded in the
circular-flow concept, this assumption leads to & theoretical efficiency
of 120 percent. Although the theoretical values shown will obviously
not be attainable in practice, the curves are useful guides and show
that because of the thermal-radiation loss, significant improvements in
power efficiency at low values of specific impulse must be accomplished
by means of "exctic" designs. Experimental modelé of the divergent-
flow *thrustor (see fig. 10) and & dual-beam circular-flow thrustor (see
fig, 11) are presently being evaluated at Lewis.

Hesvy-mollecule thrustor. - As snown in fi e 12, if the wer
Y s

losses expressed s electron-volts per beam ion are assumed constant in
the electron-bombardment thrustor, it is theoretically possible to im-
prove power efficiency by increasing the mass of the lon. It 1= appro-
priate then to investigate the performance of the electron-bombardment

thrustor employing heavy-molecule precpellants. Eeeall from figure 3

though that to preserve specific impulse the net accelerating voltage
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must be increased in direct proportion to the particle mass. Therefore,
some modification of the thrustor is required. Various propellants are
being investigated (see ref. 59). Performance is evaluated by determin-
ing an averasge charged particle mass from thrust and beam current measure-
ments. As discussed in reference 59, preliminary results indicate that
the high electron energies necessary to maintain the discharge in the
ionization chamber may be the cause of considerable particle fragmenta-
tion. And it asppears that additional modifications in thrustor geometry
and/or the lonization process will be required to achieve the anticipated
improvements in performance.

Colicidal~particle thrustor. - The variztion of specific impulse

with propellant mass in atomic mass units is shown in figure 13 for
various values of accelerating voltage. The shaded region covers a

range of specific impulse of most interest for missions such as a manned
Mars round trip. As previously discussed, improvements in efficiency are
theoretically possible 1f the charged particle mass is increased, however,
increased accelerating voltages are reguired. Plots such as figure 13
are useful, therefore, in establishing upper bounds cof feasibility within
the range of specific impulse of interest. If, for example, power-
generstion equipment capable of producing voltages of the order of 500,000
to 1,000,000 v becomes available, singly charged particles of from 104

to lO5 amu may be of interest. The colloidal-particlie thrustor affords

a means of accomplishing charged particles in this mass range. Several
methods of colloidal-particle preducticn have been proposed. One con-

cept, which is under investigation at the Lewis Research Center, is shown
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in figure 14. 1In this concept, propellant vapor passes through a super-
sonic nozzle and undergoes a condensation shock in the region downstream
of the throat. Particles formed by homogeneous nucleation pass through
a growth region and enter a charging region. There they are charged by
electron attachment and subsequently are accelerated to the proper ex-
haust velocity. As shown in figure 14, the exhaust beam consists of
negatively charged particles, and beam neutralization requires the in-
Jjection of positively charged particles. Figures 15 and 16 show two
Lewis experimental colloidal-particle thrustors., Formation of particles
in both thrustors is accomplished as described. Particle charging is
achieved by electron attachment (negative particles) in the former and
by electron bombardmernt (positive particles) in the latter.

For the colloidal-particle thrustor to be useful it must be capsble
of the efficient production of particles of uniform charge to mass ratio.
It is toward this goal that the primary objectives of the Lewis research
program is directed. Results to date from the "negative-particle" col-
loidal thrustor using mercurous chloride and aluminum chloride propel-
lants have been very encouraging (see refs. 43 and 66). Charge to mass
ratios reported in references 43 and 68 were, however, calculated from
indirect meassurements. In this respect, lack of adequate instrumentation
poses the most difficult problem in evaluating thrustor performance,
Though there are many challenging factors affecting thrustor performance
that remain to be evaluated, the potential advantages of this type of

thrustor are many.
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Figure 17 shows the variation in thrustor efficiency with specific
impulse for the various thrustor concepts. The three lower curves are
based on existing data, while the upper curves are theoretical. The
successively higheér curves, starting with the existing contact-ionization
curve, to a great extent trace the evolution of the Lewis electrostatic-
thrustor research program to its present status. The high theoretical
efficiency of the colloidal-particle thrustor and the reasonable accel-
erator length requirements that arise as a result of utilizing charged
particles of larger mass are features that make this type of thrustor
most attractive. The required high voltages focus attention on the
power-generation and pcwer-conversion requirements.

POWER GENERATION

A survey paper on electrostatic-thrustor research, even one re-
stricted to the work of a single organization as this one is, camnot
ignore the tremendous problem facing electric propulsion in the area
of power generation. It was shown in figure 1 that the merits of elec-
tric propulsion for space flight are ciosely tied to the mass of the
powerplant. In terms of a mission-analysis parameter, powerplant mass
is usually related to the power generation ability and expressed as kilo-
grams oi pounds per kilowatt of electrical power, Figure 18 (from
ref, 75) shows the effect of powerplant specific mass on trip time and
payload fraction for a possible round-trip manned Mers wission. Deotails
of the assumptions and calculations used for this figure are given in
reference 75. For our purposes it is sufficient toc note that powerplant

"

specific masses shown in the figure are 10 kg/kw or less., These values
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are well below those attainable with any existing equipment todsy. Be-
cause of the trip time, the mission described by the curves df figure 18
is regarded as a difficult one for electric propulsion. It does, however,
exemplify the very important need for  reliable lightweight power-
generation equipment. Some of the power generation systems presently
being considered for space flight application along with estimates of
typical theoretical specific weight are given as follows:

Power-generation system Theoretical specific

weight, (1b/kw)

for
power level > 100 kw

1. Solar cells (thin film) 20
2. Nuclear turboelectric &
3. Nuclear thermionic 4
4. Nuclear MHD 4
5. Solar thermoelectrostatic 1
6. Radioisotope electrostatic 1

The low-power-level solar cells in present use have much greater
specific weights, as do low-power-level nuclear turboelectric power-
pisnts currently being developed. TFor the most part, the tabulated
valnes are based on work done thus fer in the form of feasibility studies
and are likely tc be optimistie. The radioisotope electrostatic gener-
ator has, for example, been subject to extensive theoretical analyses
{refs. 41, 53, 84, and 65), and although assumptions of the analyses seem
reasnnable, there are many system unknowns, GQuestions regarding radio-

isotope availability and launch pad hazards that may easily be raised do
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not appear unsolvable. The low theoretical specifiec weights seem to
Justify an experimental investigation for evaluation of the more impor-
tant unknowns and assumptions of the analyses. A mock-up of a manned
electric spacecraft using a radioisotope generator is shown in fig-
ure 19.
INSTRUMENTATION

The experimental evaluation of an electrostatic thrustor is a task
conplicated by many factors. ©Some problems are common to all thrustors
and relate to vacuum-facility requirements (i.e., pressure levels re-

quired), the presence of vacuum-facility walls, and the fact that the

Il
Dvd
+
o
48]

t
(J

rs all employ electrostatic acceleration of either positively
charged or negatively charged propellants. Other problems are associated
with the particular thrustor concept being evalusted. The effects of
these complications as related to instrumentation are many. Some have
been solved; many have not.

A discussion of all of them is beyond the scope of this paper.
From the list of thrustor requirements set down earlier, it is evident
that the experimental investigator is primarily concerned with utilizing
these instruments that will enable him to determine accurately the effi-

ciency of

Y

given experimental thrustor and at the same time, ancmalous
as it may seem, identify the inefficiencies. For example, while con-

ventional current and voltage reading meters mey be used (and fraguently

[o7]

are used) to determine the exhaust beam total power, metered values

yield no information with regard tc thrust losses that may be present

-

dus t¢ skewness of some fraction of the exhaust beam.
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Instruments that have been used in the electrostatic-thrustor re-
search program at the Lewis Research Center are given in the following
table. Quantities measured are given and, when applicable, references

are also listed where additional detail may be found

Instrument Measurement References
‘(1) Conventional meters Current, voltage = = | —=;—-eeu
{2) Conventional thermocouples|Component temperatures | -—---=---
{3) Optical pyrometers Component temperatures | -------=
{4) Can calorimeter Beam power density 22
{5) Hot~wire calorimeter Beam power density 17,18,22
! } Molytdenum-tipped probe Beam current density 39
i J Thin Tilm collector and Particle mass 43
{ electron microscope
{8} Can microbalance Thrust 66
[9) Cone-thrust target Thrust -
(10} Mass spectrometer Beam particle charge to 48
{verious typesg) mass ratios
(11) Fmissive probe Beam potential : 55,73
(12) Total radiation pyrometer |Heat flux 28
(13) Plasme potential probe Bean potentials and field 30
strengths
{14} Plasma oscillation prcbe Bean ion-plasme waves 30
{15) Magnetic ammeter Net beam current 77
{18) Flow meter Gas flow through porous 28
tungsten
{17) Neutral atom probes Neutral atom distribution 70, 78

Only & few of the several instruments listed are described herein.
Ttems (1) to (3) are familisr arnd require no further description.
However, as discussed in reference 22, special precautions in the use
of current meters may be necessary to ensure meaningful Jata. dJecond-
ary electrons from facility walls may arrive at thrustor components and

complicate meter readings. Internal to the thrustor itself, accelerator

drain currents may consist of several components (e.g., ion impingement,
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secondary electrons, and thermionic emission) which cannot be separately
identified. Identification of these "internal currents” is, in fact,
one of the major instrumentation problems of experimental electrostatic~
thrustor research. (See refs. 23, 39, 62, 70, and 76.)
Beam Power Density Measurement

The celorimeters (items (4) and (5)) are small probe-type instru-
ments that when used individually yield information sbout local beam
pever density. By using multiple asrrays, however, it is possible to
construct "contour-maps” from which the total beam power may be deter-
mined.

Can calorimeter. - A can calorimeter is shown in figure 20. DBeam

pover densities on the copper plate sre determined by measuring the

heat flow in the inner shell. The thermal calibration constant (degrees
per watt) can readily be determined from measured values of electrical
resistance and known physical properties of the copper inner shell.

The unit hes the advantage of being a simply constructed direct reading
device. Radiant heat flux losses from the copper plate place an upper
limit on their range of applicability, and response times are of the
orier of minutes. As with all probe devices used in charged particle
beams, 1t 1s subject to uncertainti=s due to surface interactions with

the impinging beam.

4]

Hot-wire calorimeter. - The hot~-wire czlorimeter chown in figurs 21

is an excellent instrument for detailed probing of charged particle beams
vecause of its very small censing unit. The sencing unit consists of a

fine electrically heated wire (0.00l-cm diam. by 0.50 cm are typiecal
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dimensions) that responds to charged-particle bombardment with a voltage
output proportional to temperature (resistance) change. Response times
are very good, so that with a rake consisting of several units, surveys
of a beam can be completed in less than 0.5 min. A typical contour map
constructed from a survey of an ion beam is shown in figure 22. Accurately
determining hot-wire calorimeter sensitivity constants is a somewhat
arduous task and requires very careful measurement of the physical dimen~
sions of the wire. The contour maps are informative, but processing
raw deta and construction requires at least a half day per map.

Beam Currernt Density Measurement

Molybdenum-tipped (moly button) probe. -~ A schemastic drawing of the
3 I% ng

noly-button probe is shown in figure 23, Similar to the calorimeférs,
several moly-button probes may be used simultaneously to obtain data for
construction of contour maeps of the local beam current densities. Inte-
gration of the contour mep then ylelds values of total beam current that
may be compared with metered values. The tips are typically 3/16—in. in
diameter by 0.05 in. Molybdenum is used because of its low secondary
electron yield coefficient. Biasing the probe slightly negative (see
fig. 23) enhances emission of secondaries but is found to be necessary
to discourage colleétion of electrons from external sources., It i1s esti-
mated in reference 39 that the meximum error due to secondary electrons
is less than 10 percent for 4000 ev heavy ions. While lacking the
sophistication of an instrument such as the hot-wire calorimeter, it is
an extremely useful device. Ton optiecs (i.e., focusing effects within
the thrustor), for example, are readily investigated with moly-button

probes.
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Thrust Measurement

Ion beams from contact ionization thrustors with cesium as a propel~
lant are usually considered to consist of singly charged atoms. Mercury
ion beams have been found to contain singly, doubly, and triply charged
atoms (ref. 48). However, under most opersting conditions'the latter
two species meske up a relatively smasll fraction of the total beam., Be~-
cause beams from heavy-moleculg @nd colloidel~particle thrustors may con-
sist of a large range of particle distribution in both mass and charge,
more specislized instrumentation is required to investigate and evaluate
thrustor performance. While thrust targets that collect the total
thrustor exhaust beam are not the answer to this problem, they can be
used in connection with other instrumentation to determine average values.
Of course, thrust in itself is an important performance parameter.

Two types of thrust targets have been used with success at Lewis.

Cehn microbalance. - A Cahn microbalance is being used to measure

thrust of the order of 10~° newtons from & colloidal-partiele thrustor
that uses mercurous chloride as a propellant; Once calibrated, the micro~
balance is a direct-reading device. 1In an experimental setup, shown
schematically in figure 24 (from ref. 66), the microbalance also served
as & bzam current collector to check conventional meter current values.
The metered beam current and accelerating woltage were used together

with the thrust measurement to determine an average particle mass of
1.2x10% amu. This value compared well with a value of 1.7x10% amu that
vas determined by an entirely different method (ref. 43). In the setup

of reference 43, particles were collected on a liquid-nitrogen-cooled
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thin~film collector that was exposed to the colloidal-particle beam for

a very short time. Photomicrographs of the collector were taken with an
electron microscope. Particle-size distribution was determined from the
micrographs and an average particle mass was then calculated.

Cone thrust target. - The cone-type thrust target shown in figure 25

is being used in heavy-molecule thrustor research. Thrust levels measured
are of the order of 10~% newtons. With the cone-type target, thrust
velues must be determined from measured deflections. Deflections are
neasured with a cathetometer which is focused through a viewing port in
the fecility on the crosshairs shown in figure 25. Calibration is accom-
plished wy measuring deflections when known masses are suspended by a
pullzy arrangement from the core tip. Typlcal calibration constants are
about 10'5 newbons per millimeter deflection.
Charge to Mass Ratio Measurement

Although useful for evaluating overall thrustor performance, thrust
targets are not suitable for evaluation of losses in terms of charge
and/or mass distribution. Investigetion of this requires rmore complex
equipment such as mass spectrometers. While mass spectrometer technology
ig not new, the design of spectrometers suitable for use in electrostatic

thrustor work imposes severe requirements that are very difficult to

U2

atisfy. This is particularly true when applied %o colloidal thrustor
work.

Colloidal thrustor experimental research is in its early stages,
and much is not yet known about particle formation and/or partiele

vhargiag processes. It is reasonable to anticipate the possibility of
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wide charge to mass distributions in the exhaust beams, which also are
high velocity beams. Thus, the need exists for a small, lightwelght,
mobile instrument capable of accepting high velocity particles and also
having a high resolution over a mass range of from 102 to 10° amu (as-
suming singly charged particles).

Permanent magnet mass spectrometer. - The magnetic spectrometer

described in reference 48 worked quite well when used to analyze a mer-
cury ion beam from an electron-bombardment thrustor. However, the

gize and entrance velocity requirements of the permanent magnet mass
spectrometer limits the utility of this instrument for electrostatic
thrustor research. The quadrupole mass spectrometer appears to be more
suitable.

Quadrupole mass spectrometer. - A photograph of a quadrupcle mass

spectrometer which has been designed and bullt for use in colloidal pro-
pulsion research at Lewis is shown in figure 26. It is presently under-
going extensive calibration tests. In operation, particles enter the
quadrupole through a small opening in the lower end (fig. 26). By super-
position of an r-f voltage (of a particular frequency) on a d-c voltage
applied to opposing pairs of rods, particles of a particular charge to
mass ratio will be "trapped” in the region between the rods and caused

to follow trajectories such that they will arrive st a current-sensing

./

collector. The collector is located at the upper end of the rods shown
in figure 26. The length of the rods is a design parameter relating the
frequency of the r-f voltage, resolutlon, charge tc mass ratio, and

narticle entrance velocity. The field radius (distance from centerline
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to rods) and frequency determine the power requirements. The ratio of

the rod radius to the field radius is chosen so as to approximate the

required theoretical field and achieve a high transmission. Consequently,

tolerances (mechanical and electrical) must be held quite close.

Complete details of the operation of the quadrupole are beyond the
scope of this paper. The reader will find that an article entitled
"The Electric Mass Filter as a Mass Spectrometer and Isotope Separatof"
by W. Paul, et al., Zeitschrift fir Physik, Ed. 152, S. 143-182 (1958)
an excellent reference that includes both a theoretical analysis and ex-
perimental evaluation of a high resolution quadrupole mass spectrometer.
An English translation AEC-TR-3484, Oct. 23, 1958, by Dr. John F. Burns
is also eveilsble,

In the tests thus far et Lewls, problems have been encountered in
power supply regulation and electrical shielding. The collector is
extremely sensitive to effects of the high fregquency field, Thus, while
it is a very sophisticated instrument, its utility to colloidal thrustor
research makes it worthy of considerable developmental effort.

Neutral Atom Measurement

In the cesium contact-ionization thrustor, which employes & porous
tungsten ionizer, measurement of neutral propellent flow rate is often
accomplished indirectly. Room temperature nitrogen gas is used for

o P
1ons

10T

calibrating the flow through the ionizer, and suitsble correct

. .

atomic weight are applied to obtain a flow rate for cesium (see ref. 62).

The electron-bombardment and heavy-molecule thrustors employ orifices

to control flovw, and flow rates are determined by direct calibration of




- 23 -

the orifice. In the colloidal-particle thrustor, flow in the nozzle is
fully developed and flow rates are calculable. Thus, propellant-
utilization efficiencies can be determined for all of these thrustors.
However, none of these measuring or calculation techniques cast any
light on the fate of the propellent atoms or particles that fail to
become ionized. A knowledge of the efflux distributions of these
"neutrals"” would be of great value to ald in improving thrustor design
and performance. What is required to obtain this information is a
probe-type instrument capable of probing the thrustor exhaust beam
and identifying the "neutrals.” This is an exceedingly difficult prob-
lem in Instrumentation not only because of the complex local environ-
ment (icns, electrons, neutrals) but also because of the properties of
the various prapellants.

Alkali metal propellants such as cesium are amenable to probes
that employ prireiples of contact ionization. A probe of this type
has been developed at Lewis and has been used for the study of neutral
cesium efflux patterns from 1/8-in,-diameter cylindrical tubes (ref. 78).
®eutral cesium atoms pass through a small opening in the outer cylindri-
cel shell of the probe. The atoms contact a heated tungsten ribbon
located on the probe axis. The ribbon is biased positive with respect
tc the outer shell and cesium atoms created on the ribbon are collected
on the shell. Minimum currents of sbout 10-2 amp ere detectable with
this instrument.

A hot cathode ionization gage {Bsvard-Alpert type) mounted Just

sownstream of the amccelerator of an electron~-bombardment thrustor has
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been used to obtain rough estimates of neutral mercury efflux (ref. 70).
Uncertainties in gage calibration for mercury vapor along with side ef-
fects due to the ion beam indicate that a great deal of development
would be required for wide use of this method of detection. In general,
the state of the art in the development of instruments for detection of
nonalkall neutral propellant efflux patterns is very lacking.
Other Instrumentation

Of the remasining instruments listed, many are special purpose in
that they were developed and used for research in particular problems
and, in general, are not used in thrustor performance investigations.
Altkhough discussion is beyond the scope of this paper, it is appropriate
alzc to point out that a considerable amount of valuable instrumentation
work is being done by other organizations. Unique cesium neutral atom
probes, calorimeters, thrust stands, and plasma probes are only a few
of the sreas in which much work has been done. Instruments for beam
neutralization studies, described in part of references 55 and 73, are
examples of excellent advanced measurement techniques necessary to funda~
mental investigations of plasma properties in thrustors. As stated at
the begluning of this section, there unfortunately are many instrument
probiens £8ill remalning in electrostatic-thrustor research.

FACILITIES

High-vacuum facilities for testing elsctrostatic thrustors, in addi-
tion to being capable of being evacuated to pressures of the order of
10-7 torr, must be capeble of maintaining background pressures on this

srder during tests.  Because the thrustor exhaust beam imposes a




severe load on facility pumps at these pressure levels, special design
features are necessary that are not required in ordinary space environ-
ment facilities, Condensers that provide large areas of surfaces cooled
to near liquid nitrogen temperatures are used as a means of maintaining
the desired levels of pressure. Most of the propellants used in electro-
static thrustors are condensable at liquid nitrogen temperatures, that
is, their equilibrium vapor pressures are orders of magnitude below

10_7 torr. A theory of high vacuum condenser design is given in refer-
ence 2 and results of an experimental evaluation are reported in refer-
ences 33 and 49.

There are several major high-vacuum facilities st the Iewis Research
Center used for the purpose of electrostatic and plasma thrustor research.
The main chambers of these facilities are cylindrical and renge in size
from about 3.5 ft in diameter by 7 ft long to 25 ft in diameter by 70 ft
long. They have been described in detaill in references 4, 14, and 25.
They are similar in design and are evacuated by from one to twenty 32-
in. cold-trapped oil-diffusion pumps supported by suitable backup pumps.
All chambers are provided with liquid-nitrogen-cooled condensers. The
newest and largest facility is shown schemetically in figure 27 (from
ref. 235). The thrustor compartment is about 10 £t in diameter by 10 £t
long and can be sealed off from the main chawber by a 10 ft diameter iso-
letion valve. This allows thrustor modifications to he performed while
the main chamber remains evacuated. The condenser in the main chamber is
cooled by a forced-feed liguid-nitrogen system. Liguid nitrogen is ecir-

culated through stainless-steel tubes located along the periphery of the
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nmain chamber. Copper honeycomb units sbout 3 in. by 32 in. by 6 in. deep
are securely fastened to the tubing and serve both to protect the tubing
from direct impingement of high-energy thrustor exhaust beams and to
provide the necessary surface area for condensation of the beam. The
cone-shaped water-cooled target at the far end of the chamber is designed
to remove energy from the beam and to direct reflected particles toward
the outer walls. Two photographic views of the facility are shown in
figures 28 and 29. The facility was placed in operation early this
year, and during its initial check-out tests maintained pressures of
svout 1077 torr. Im subsequent runs using the liquid-pitrogen-cooled
condenser, ne~load pressures of 1078 to 1079 torr were recorded. Re-
search experiments not yet reported on beam diagnostics and on the
testing of moduler arrays of three electron-bombardment thrusfors have
been conducted in the facility. Although this facility is comparatively
large, much larger facilities may be needed for long duration testing

of full-scale electric propulsion syste:

=3

5.
CONCLUDING REMARKS
To epprise the reader of the present status of the electrostatic-

propulsion research effort at the Lewis Research Center, a very genersl
and broad spproach was adopted herein. Several aspects of the program
and related programs have been mentioned to the extent that it was neces-
sary to point out major overall goals and problem aress. Related areas
not covered include power-conditioning equipment and controls problems.

From examination of basic equations of mission analysis it was

shown that electric prepulsion is attractive as a means of space filight
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because of reduced propellant mass requirements as compared with other
systems. To make the comparison complete, however, the mass of the power-
plant required for the electric rocket must also be taken into account.

It was pointed out that present power-generation equipment is far too
heavy for electric propulsion and a need exists for the development of
lightweight equipment with high power capabilities.

In tracing the evolution of the electrostatic-thrustor research
program it was noted that existing cesium contact-ionization and mercury
electron-bombardment thrustors both have power loss factors that make
them inefficient at specific impulses below about 5000 see. It was
shown that theoretically, the heavy-molecule and colloidal-particle
thrustor may have better efficiencies in the 2000- to 5000-sec range of
specific impulse. Further, slthough the larger molecular weights of
the charged particles in these thrustors impose a requirement of greater
accelerating voltages to preserve specific impulse, thrust could be
preserved with larger electrode spacings. Thus, thrustor design and
fabrication may be made somewhat easier, and ion opticé in the thrustor
may alsc be improved.

A review of instrumentation that has been developed for experimental
thrustor research showed that many instruments have been developed that
are suitable for overall performsnce evseluation. Instrumentation for
ieolating and identifying thrustor losses ig being developed, however,
many types are still needed. No adequate instrumentation exists for
"monitoring neutral propellant losses from thrustors employing nonalkali

propeilants.
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Existing electrostatie-thrustor research facilities are adequate

for present needs, but much larger facilities may be required in the

future for fuli-scale system tests.

oo
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E-2212
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Fig. 13. - Specific Impulse for a glven atomic mass unit.
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E-2212
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Fig. 15. - Experimental collcidal-particle thrustor with corona-discharge
charging.
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Fig. 19. - Mock-up of manned electric spacecraft.
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Fig. 21. - Hot-wire probe.
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Fig. 24. - Experimental thrust-monitoring setup for colloidal particle thrustor.
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Fig. 26. Quadruple mass spectrometer.
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